Central core disease (CCD) and nemaline myopathy (NM) are congenital myopathies for which differential diagnosis is often based on the presence either of cores or rods. Missense mutations in the skeletal muscle ryanodine receptor gene (RYR1) have been identified in some families with CCD. Mutations in the α-tropomyosin and α-actin genes have been associated with most dominant forms of NM. Analysis of the RYR1 cDNA in a French family identified a novel Y4796C mutation that lies in the C-terminal channel-forming domain of the RyR1 protein. This mutation was linked not only to a severe and penetrant form of CCD, but also to the presence of rods in the muscle fibres and to the malignant hyperthermia susceptibility (MHS) phenotype. The Y4796C mutation was introduced into a rabbit RYR1 cDNA and expressed in HEK-293 cells. Expression of the mutant RYR1 cDNA produced channels with increased caffeine sensitivity and a significantly reduced maximal level of Ca 2+ release. Single-cell Ca 2+ analysis showed that the resting cytoplasmic level was increased by 60% in cells expressing the mutant channel. These data support the view that the rate of Ca 2+ leakage is increased in the mutant channel. The resulting chronic elevation in myoplasmic concentration is likely to be responsible for the severe expression of the disease. Haplotyping analysis indicated that the mutation arose as a neomutation in the proband. This first report of a neomutation in the RYR1 gene has strong implications for genetic linkage studies of MHS or CCD, two diseases characterized by a genetic heterogeneity.
INTRODUCTION
Central core disease (CCD) and nemaline myopathy (NM) are congenital myopathies which are often difficult to distinguish at a clinical level, so the diagnosis is based on typical histological features. CCD is an autosomal dominant congenital myopathy first described by Shy and Magee (1) . The disease is non-progressive or slowly progressive and presents with diffuse muscular weakness and hypotonia during infancy, delayed motor development and reduced muscle bulk. Muscle weakness of the lower extremities is frequently the leading manifestation. CCD exhibits great variability both clinically and histologically and the severity of symptoms may vary from normal to severe (2) . Histological examination of CCD muscles shows the presence of central areas (cores) mainly in type 1 muscle fibres. These cores are clearly delineated from the normally structured zones of the muscle fibres by a sharp border and are characterized by lack of oxidative activity, sarcomeric disorganization, Z line streaming and proliferation of sarcotubular membranes.
CCD patients are at risk for malignant hyperthermia susceptibility (MHS), an autosomal dominant pharmacogenetic disorder of skeletal muscle Ca 2+ regulation (3) . Genetic studies have shown that both MHS (4) and CCD (5, 6) can be caused by mutations of the ryanodine receptor gene (RYR1) located on chromosome 19q13.1 (7, 8) . The RYR1 gene encodes a skeletal muscle calcium release channel located in the junctional terminal cisternae of the sarcoplasmic reticulum membrane. The N-terminal part of the protein forms a large myoplasmic domain that faces and interacts with the dihydropyridine receptor, a voltage-dependent, dihydropyridine-sensitive calcium channel located in the plasmalemma and transverse tubules. All 23 MHS mutations in RYR1 that have been reported to date are localized in the cytoplasmic domain (9, 10) . Among them, seven mutations have been reported to be responsible for both MHS and CCD. Because expression of the CCD phenotype is variable, the CCD diagnosis was based on histological signs as well as on clinical expression of the disease. The MHS and CCD mutants could not be distinguished on the basis of their sensitivity to caffeine and halothane when expressed in a heterologous system (11) , but CCD mutant channels appeared to be more permeable than MHS mutant channels, raising resting Ca 2+ concentrations and depleting Ca 2+ stores (12) . Recently, a mutation in the C-terminal end of the RyR1 protein that forms the transmembrane channel domain was reported to be responsible for a highly penetrant, clinically severe form of CCD in a large Mexican pedigree (13) . MHS was not clearly associated with the CCD phenotype in this family. This CCD mutant channel also appeared to be highly permeable, supporting the view that this and other CCD mutations might be distinguished from MHS mutations by their high permeability and raising the possibility that MHS in this family might have been aborted by a diminished Ca 2+ store.
Nemaline myopathy is a congenital myopathy (14) . The major symptoms are slowly progressive weakness, delayed motor milestones and skeletal deformities. NM shows a large spectrum of clinical severity, ranging from almost asymptomatic adult patients with mild proximal weakness to newborns presenting with severe neonatal hypotonia, deformities and respiratory failure, leading to death during the first days of life (15) . The main abnormal histological feature of NM is the presence of numerous rods that either form clusters at the periphery of the muscle fibres or disseminate throughout the fibres. α-tropomyosin (TPM3) and skeletal α-actin (ACTA1) genes have been demonstrated to be responsible for dominant forms of NM, whereas most of the autosomal recessive severe forms of NM are associated with nebuline gene mutations (16) . The TPM3 gene, which encodes a sarcoplasmic isoform of α-tropomyosin expressed in slow-twitch or type I muscle fibres, has been localized to chromosome 1q21-q23. Mutations in the TPM3 gene have been associated with both dominant and recessive nemaline myopathies (17, 18) . The ACTA1 gene, mapped to chromosome 1q42, encodes the skeletal muscle α-actin protein. The spectrum of clinical phenotypes of dominant forms of NM associated with mutations in the ACTA1 gene range from mild to very severe lethal forms of the disease (19) .
In an early study (20) , characteristic rods and cores were described in the same patient, but no indication was given at that time of the MHS status of the family and no molecular studies could be carried out. A few other patients presenting with the same association of cores and rods were briefly reported more recently (21) . Here we present evidence for autosomal dominant congenital myopathy with rods, cores and MHS in a family with four generations of the disease. Linkage analysis showed a clear segregation of the disease with the RYR1 gene and sequencing of the RYR1 cDNA from the affected proband identified a neomutation in the C-terminal, channel-forming domain of the protein. The hypothesis that central core disease and dominant nemaline myopathy might co-segregate as two different and independent dominant diseases in the family was also tested by analysis of linkage to the NEM1 locus and by sequencing of both TPM3 and ACTA1 genes.
RESULTS

Linkage of the clinical phenotype in the family with the RYR1 locus
Since MHS and CCD phenotypes have been associated with mutations in the RYR1 gene (5,6,13), we investigated the 19q13 locus using an intragenic dinucleotide repeat in RYR1 (22) and the flanking centromeric D19S191, D19S220 and telomeric D19S422, D19S417, D19S223 markers for linkage studies. No recombinant event was observed in this region in the pedigree and a combination of these markers in grandparental chromosomes allowed the definition of four haplotypes in the proband's generation (Fig. 1) . One of the chromosome 19q haplotypes ( Fig. 1) clearly cosegregated with the disease. In full agreement with the haplotyping analysis, combined pairwise LOD scores with informative markers adjacent to or internal to the RYR1 gene yielded significant positive values for all informative markers ( Table 1 ). The LOD score value of +2.94 at θ = 0.0, obtained with the haplotype associated with the disease, almost reached the significant threshold of +3 and was equivalent to the maximal theoretical value that could be expected in this pedigree. These results strongly implicate an alteration in the RYR1 gene in the pathological phenotype observed in generations II, III and IV of the pedigree.
In contrast, negative LOD score values were obtained with the D1S442 and D1S2624 markers flanking the TPM3 gene when the NEM1 candidate locus was investigated with polymorphic markers of chromosome 1 (Table 1) . However, a recombinant event occurred between the D1S305 and D1S2624 markers in the chromosome 1q21-23 region of the proband inherited from her mother (individual I-2). This recombined chromosome 1q region was transmitted to all of the affected offspring (Fig. 1) . Linkage analysis restricted to the proband and her lineage yielded a LOD score value of 0.89 when analysing the segregation of this recombined haplotype with the pathological phenotype.
Since mutations in the TPM3 gene that lies in this recombined chromosomal region have been associated with NM in previous studies, the coding sequence of the TPM3 gene was entirely sequenced. No mutations were found and RNA analysis using RT-PCR did not reveal any alteration in cDNA production nor in size modifications (data not shown). The ACTA1 gene encoding α-actin is located on chromosome 1q42 and has also been associated with dominant forms of NM (19) . To exclude a possible causative role of this gene in the 'NMlike' phenotype due to a mutation that may have occurred in patient II-8, the coding sequence of the ACTA1 gene was entirely sequenced. No mutations were identified and no modifications in size or cDNA production were observed.
Y4796C mutation in the RYR1 gene is associated with the pathological phenotype
The cDNA of the RYR1 gene was obtained from a skeletal muscle biopsy of the proband (patient II-8). Direct sequencing of the overlapping PCR products obtained from the RYR1 cDNA yielded eight sequence changes. Five of these sequence changes, two of them heterozygous, did not alter the amino acid sequence and were considered to be polymorphic (Table 2) . Two sequence changes leading to amino acid substitution at positions 1832 and 2550 were present as homozygous changes. As presented in Table 2 , both amino acid substitutions, A1832G and V2550L, are the same as those found in rabbit, pig or chicken RyR1 sequences. These mutations were not found in 100 unrelated chromosomes. Therefore, it is unlikely that these conservative amino acid changes represent pathogenic mutations or frequent variants.
The eighth sequence change, the substitution G→A at position 14 387 in the cDNA lies in the coding sequence in exon 100. This nucleotide substitution results in the Y4796C mutation in the RyR1 protein. In this case, cysteine replaces a tyrosyl residue that is strictly conserved in RyR1, RyR2 and RyR3 isoforms in human and in other species such as rabbit and chicken. As shown in Figure 2 , the Y4796C mutation was heterozygous in all affected patients (II-8, III-1, III-2, IV-1 and IV-2). The mutation was located on the same 19q chromosome previously associated with the pathological phenotypes through haplotype analysis. The mutation was absent from all nine non-affected members of the family including the father of the proband and patient I-1. Since the proband, II-8, inherited the 19q chromosome that is associated with the disease in the family from her father, who does not carry the mutation, the Y4796C mutation must have arisen as a neomutation in the proband, II-8. This mutation was absent in 100 unrelated chromosomes in the general population.
Functional characterization of the Y4796C mutation
The functional significance of RYR1 mutations associated with either MHS or MHS/CCD has been evaluated previously through Ca 2+ photometry and imaging using HEK-293 cells transfected with wild-type or mutant RYR1 cDNAs (11) (12) (13) or with skeletal muscle sarcoplasmic reticulum obtained from MHS patients (27) . It was clearly demonstrated that pathological mutations affecting the RyR1 protein result in alteration of Ca 2+ homeostasis in transfected HEK-293 cells. To evaluate the effect of the Y4796C mutation on the Ca 2+ release channel function of RyR1, the 14387A→G mutation was introduced into the corresponding position in rabbit cDNA and expressed in HEK-293 cells. Ca 2+ photometry and Ca 2+ imaging assay were used to investigate the effect of the mutation on the functionality of RyR1 through measurements of intracellular Ca 2+ concentrations (11) . As shown in Table 3 , the behaviour of the mutant channel differed from that of wildtype RyR1. The channel was significantly more sensitive to gating by caffeine, the EC 50 for caffeine-induced Ca 2+ release being 1.56 ± 0.08 mM in wild-type and 0.98 ± 0.15 mM in the mutant RyR1. These results are in line with the diagnosis of MHS for patient II-8, as described above. Resting Ca 2+ concentrations were significantly elevated in the HEK-293 cells expressing the mutant channel, rising from 81.0 ± 2.0 nM in cells transfected with wild-type RyR1 to 129.4 ± 4.3 nM in cells transfected with the Y4796C mutant RyR1 cDNA. These results suggest that Ca 2+ flux from the Ca 2+ store is enhanced and exceeds Ca 2+ return to the store through the action of the Ca 2+ pump. Thus, Ca 2+ homeostasis in these cells is only achieved at a higher resting Ca 2+ concentration. The view that the mutant channels are more leaky, leading to a depletion of the Ca 2+ store, is supported by the fact that the amplitude of Ca 2+ release from the Ca 2+ store is diminished significantly in the cells expressing the Y4796C mutant channel (426.4 ± 14 nM for wild-type versus 356.0 ± 12.4 nM for the Y4796C mutant) and by the complementary observation that the maximal changes in 340:380 ratio are significantly reduced in the Y4796C transfected cells. These observations all suggest that the rate of Ca 2+ leakage is increased in the Y4796C mutant channel.
DISCUSSION
This report presents genetic and biochemical evidence for a mutation in the skeletal muscle ryanodine receptor that is tightly associated with congenital myopathy with rods and cores in a large French pedigree. The rod-core congenital myopathy phenotype was diagnosed on the basis of both clinical symptoms and histological features. One of the patients (II-8) was tested for the MHS trait using the European in vitro contracture testing (IVCT) protocol and was found to be strongly positive. Moreover, the mutation, when tested by expression in heterologous cell culture (Table 3 ) was shown to have the same high sensitivity to caffeine that has been associated with all of the MHS/CCD mutations tested to date (11) . These observations suggest that the same mutation that gives rise to cores in skeletal muscle is also responsible for MHS sensitivity in this family.
In earlier studies, MHS and CCD phenotypes have been associated, either independently or in combination, with the RYR1 locus on chromosome 19q whereas the NM has been associated with the NEM1 locus on chromosome 1q. Therefore, it was important to establish whether linkage between the rod-core myopathy and either RYR1 or NEM1 could be observed in this family. Haplotype analysis, using microsatellite markers, led us to conclude that the rod-core phenotype is associated with a single mutation in the RYR1 gene. This conclusion is based on several observations: (i) a LOD score of 2.94 with no recombinants was obtained with the 2:1:1 (D19S220:D19S417:D19S223) haplotype, clearly associating the rod-core myopathy with the RYR1 locus in generations II, III and IV; (ii) the chromosome carrying the linked haplotype, minus the causal mutation, originated in the unaffected father of the patient (individual I-1 in Fig. 1 ), associating the appearance of the mutation with the appearance of the rod-core myopathy in the proband (patient II-8 in Fig. 1) ; and (iii) biochemical analysis of the RyR1 mutant protein showed that it had high caffeine sensitivity for channel opening and was highly permeable. Mutations in the α-tropomyosin gene TPM3 and in the skeletal muscle α-actin gene ACTA1, both located on chromosome 1q, have been associated with the dominant form of NM. A recombinant event in the NEM1 locus region that occurred in the proband (patient II-8 in Fig. 1 ) and segregated with the rod-core myopathy was evidenced. However, no mutation could be found in either of the two candidate genes, TPM3 and ACTA1. Although we cannot exclude the possibility that the recombinant event observed in chromosome 1q or another mutation might have altered a still not identified gene that could participate in the clinical expression of the disease, our data are in full agreement with the hypothesis that the Y4796C mutation in the RYR1 gene, which segregated fully with the myopathy in the family, is the cause of the pathological phenotype. Consequently, clusters of rods should be considered only as 'additional' histological features, in line with their frequent and well-known non-specificity (28) .
Haplotype and mutation analysis revealed that the proband inherited the chromosome 19q region bearing the mutation from her father (patient I-1 in Fig. 1 ) and that the mutation was not present in her father's DNA. This is, to our knowledge, the first report of a neomutation in the RYR1 gene associated with a pathological phenotype. As MHS and CCD are genetically heterogeneous, this is of importance for studies aimed at the identification of the genetic defect responsible for the disease. In our case, linkage analysis based on polymorphic markers and including the normal clinical status of the proband's father would have excluded the RYR1 locus on chromosome 19q as being associated with the myopathic trait in this family.
The causative role of the Y4796C mutation in this specific pathologic phenotype is supported by several pieces of evidence: (i) the mutation affected a well-conserved tyrosine at position 4796; (ii) it segregated with the disease phenotype in the family and was not present in non-affected individuals; (iii) the mutation was not found in a screening of 100 non-related chromosomes in the general population; and (iv) functional analysis showed that the presence of the mutation resulted in impaired cytoplasmic Ca 2+ homeostasis.
MHS and CCD are considered as allelic diseases and >20 mutations (29) of the RYR1 gene have been associated with these two pathological phenotypes. Except for the I4898T mutation associated with CCD (13), all of the previously described mutations lie between amino acids 35 and 614 (MHS/CCD region 1) or between amino acids 2163 and 2458 (MHS/CCD region 2) in the myoplasmic region of the protein (9) . The I4898T mutation is located in the C-terminal transmembrane/luminal region of the RyR1 protein that forms the Ca 2+ channel (30) . The mutation lies in a region of RyR1 that may interact with the luminal domain of triadin, a protein proposed to form a ternary complex with RyR1 and calsequestrin (31) . Functional analysis of the Ca 2+ release channel function of the mutant protein has shown that the I4898T mutation results in a leaky channel responsible for the severe and penetrant CCD phenotype observed in the patients harbouring the mutation (13) .
The Y4796C mutation also mapped to the C-terminal part of the protein that is likely to constitute the channel-forming segment of RyR1 (30, 32, 33) . Du and MacLennan (34) showed that this region is involved in channel function and regulation. More specifically, the Y4796C mutation lies in a region that has been proposed to correspond to the myoplasmic loop of RyR1, localized between transmembrane helices M2 and M3 in a model based on the presence of four transmembrane domains (35) . Alternatively, in a model based on the presence of 10-12 transmembrane passages (24), the mutation would lie in a transmembrane helix. More recently, a functional interaction between the skeletal muscle ryanodine receptor and the cytoplasmic domain of triadin has been shown to play a critical role in the control of Ca 2+ release channel behaviour (36) . One may, therefore, hypothesize that Y4796 is located in an RyR1 domain that interacts with the cytoplasm domain of triadin.
Single-cell analysis of HEK-293 cells co-transfected with wild-type and Y4796C mutant RYR1 cDNA showed a significantly increased resting cytoplasm Ca 2+ concentration. Although these results have been obtained in a non-muscle Figure 2 . Screening for the 14387A→G mutation by analysis of the presence or the absence of an AccI restriction endonuclease site in the 105 bp PCR fragment encompassing the mutation and obtained from genomic DNA of individuals from a grouping within the pedigree described in Figure 1 . Cleavage of the 105 bp fragment generated 86 and 19 bp fragments. Only ethidium bromide fluorescent signals corresponding to the uncut 105 bp fragment and to the 86 bp fragment generated after AccI digestion are shown. Symbols and numbering are as defined in Figure 1. system, one may hypothesize that the RyR1 channel can also be leaky in the skeletal muscle of affected patients. The resulting chronic elevation in myoplasmic Ca 2+ concentration would be responsible for the clinical expression of the disease. This is in agreement with a previous report showing that overexpression of an R163C mutated RyR1 in muscle cells does not result in a significant modification of the resting Ca 2+ concentration (37) . Unlike the patients in our family, patients harbouring the R163C mutation have MHS but they do not present clinical symptoms in absence of triggering agents. The data presented in this report and other preliminary data that we have obtained on a panel of families presenting a clear clinical and histological CCD strongly support the fact that mutations of the C-terminal part of RyR1 that forms the Ca 2+ pore in the sarcoplasmic reticulum membrane are likely to be associated with clinically expressed phenotypes such as congenital myopathy with cores and/or rods.
It has been observed that clinical expression of CCD or NM or the amplitude of the response to halothane in MHS patients may vary from one affected patient to another in the same family. In our pedigree, the grandsons of the proband clearly expressed the disease more severely and more precociously than their father and their grandmother suggesting that the disease worsened throughout the different generations. A possible explanation that may be considered for additional investigation in this pedigree would be the presence of additional alterations in the mechanisms involved in the regulation of Ca 2+ homeostasis related to the different genetic backgrounds of the patients.
MATERIALS AND METHODS
Family report
The pedigree of a French family with four generations, with no known history of consanguinity is presented in Figure 1 . The proband (patient II-8) is a 50-year-old woman who had developed non-progressive muscle weakness during infancy. Her motor milestones were delayed and she started walking at age 2.5 years. During infancy, she presented with hypotonia, walking difficulties and weakness when running or climbing stairs. In her twenties she developed Achilles' tendon contractures, mild difficulty in standing up and discrete lordosis. She is, however, still completely autonomous in her daily life. She has no cardiac abnormalities and creatine kinase (CK) serum level is normal (50 IU/l). Both of her parents were considered to be healthy without any reported muscular symptoms. Her father lived to the age of 93 years. At the age of 44 years, a quadriceps muscle biopsy was taken when the patient underwent in vitro contracture testing for MHS. Histological examination and ultrastructural analysis led to the diagnosis of congenital myopathy with cores and rods.
The proband has two sons (patients III-1 and III-2), both of whom presented delayed motor development and a clinical history similar to that of their mother. Patient III-1, who is 31 years old, started walking at age 2.5 years. He had no muscle biopsy, but his clinical phenotype was similar to that of his younger brother. Patient III-2, who is 30 years old, started walking at the age of 2.8 years. Walking difficulties and mild proximal weakness were noted during infancy. CK serum level was normal (74 IU/l). At the age of 18, he presented with mild weakness and discrete Achille's tendon contractures. At the age of 27, a discrete lordosis was noted. Histological and ultrastructural analysis of a deltoid muscle biopsy, obtained at the age of 30 years, demonstrated the presence of cores and rods. At this time, muscle testing indicated a moderate worsening of muscle strength especially in the limb girdle. He is the father of two affected boys who present with a more severe and earlier symptomatology (patients IV-1 and IV-2). Both boys were born at full term but at birth they presented with severe hypotonia and hip luxations.
Patient IV-1, presently 3 years old, is still not walking. He presents with mild hypotonia, hip dislocation, strabismus and ptosis of the left eye. A muscle biopsy was obtained from the quadriceps muscle. Histological and ultrastructural analysis showed the presence of cores and rods in muscle fibres, associated with a moderate increase in connective tissue. Although noticeable, rods were less abundant than in his grandmother's fibres. Patient IV-2, presently 10 months old, is unable to sit upright without help. He presents with a severe and generalized hypotonia and he has important cyphosis and contractures. Hydramnios and weak fetal movements were noted during the pregnancy of the mother of patient IV-2.
Morphological studies
Parts of each muscle biopsy were frozen immediately in isopentane cooled in liquid nitrogen and stored at -80°C until processed for histochemical studies. A small specimen was frozen immediately in liquid nitrogen for RNA extraction and another specimen was fixed for ultrastructural analysis. Histochemical studies were carried out on 10 µm cryostat transverse sections from muscle biopsy specimens. Histoenzymological protocols and ultrastructural studies were carried out as described previously (38, 39) .
As presented in Figure 3 , histochemical studies of cryostat sections performed on muscle biopsies obtained from patients II-8, III-2 and IV-1 showed two different types of abnormality. The first was the presence of centrally or eccentrically located cores which appeared as rounded, precisely delimited areas near the centres of muscle sections stained for the oxidative enzymes, NADH-tetrazolium reductase and succinate dehydrogenase (Fig. 3b, c and d) . Central cores are usually considered to be histological landmarks of CCD. Multiple rods located in clearly different areas of the cores constituted the second abnormality. Rods were distinctly observed with cycles of trichrome Gomori stain in the muscle fibres of the proband (Fig. 3) . Electron microscopy analysis confirmed the characteristic transversal and longitudinal situation of rods. Although the presence of rods is of lesser significance from a pathological point of view, rods are usually typical of NM. Similar rods were observed, although in smaller numbers and only in very atrophic muscle fibres in biopsies from patients III-2 and IV-1.
IVCT
IVCT was performed in patient II-8 using a quadriceps muscle biopsy. Muscle bundles were tested according to the caffeinehalothane contracture test of the European Malignant Hyperthermia Group (40) . According to this protocol, a patient is diagnosed as susceptible to malignant hyperthermia (MHS) if the 2 mN threshold value for muscle tension is attained at concentrations of <2 mM caffeine and <2% halothane. Values presented in Table 4 clearly indicate that the patient is MHS. IVCT testing carried out according to the North American protocol (41) led to the same MHS diagnosis. IVCT conducted in the presence of ryanodine as a triggering agent also showed an abnormal response compared with normal patients: the 10 mN muscle tension was reached after 13 min in the presence of 2 µM ryanodine.
Genotyping and linkage analysis
Genomic DNA was extracted from whole blood using a guanidine method (42) . DNA from family members was typed using the following microsatellite markers: D19S220, D19S422, D19S417, D19S223 and RYR1, an intragenic dinucleotide repeat, for analysis of linkage to the RYR1 locus on chromosome 19q13 and D1442, D1S305, D1S624 for analysis of linkage to the NEM1 locus on chromosome 1q. Primer sequences and allele sizes have been reported previously (22, 43) . For each primer pair, 0.4 pmol forward primer was 5′ end-labelled with 32 P and added to a 25 µl PCR mix containing 50 ng of genomic DNA, 200 µM dNTPs, 1 µM forward and reverse primers and 0.25 U of Taq polymerase (Quantum Appligène, Strasbourg, France). Amplification was performed for 25-30 running cycles consisting of 30 s at 94°C, 30 s at annealing temperature and 1 min at 72°C. After denaturation with formamide, amplified products were separated on a 6% polyacrylamide/8 M urea DNA sequencing gel prior to autoradiography. Consecutive allele numbers were assigned and the results were documented using Cyrillic 2.1 software (Cherwell Scientific Publishing, Oxford, UK). Two-point linkage analysis was performed using the 5.2 Linkage Package with the following parameters: the CCD allele frequency was estimated at 1:100 000; the penetrance of the index case was taken as 1.0. The penetrance of the disease heterozygote was set at 1.0 when based on histochemical diagnosis and 0.98 when based on clinical diagnosis. The phenocopy rate was set at 0 and 0.02 under the same conditions. 50 , the caffeine concentration required to achieve half maximal caffeine-induced Ca 2+ release; ∆ ratio (max.), the maximal change in the ratio of fluorescence at 340 and 380 nm; n.d., not determined. a P < 0.05.
Construct
Caffeine 
Sequencing
Total RNA was extracted from a frozen muscle specimen from patient II-8 using an acid guanidinium thiocyanate-phenolchloroform method (44) . First strand cDNA was synthesized from 1 µg of total RNA in a final volume of 20 µl using Long Expand Reverse Transcriptase (Roche, Meylan, France) at 48°C for 1 h according to the manufacturer's instructions. Due to its size and nucleotide composition, the RYR1 first strand cDNA was synthesized using three mixes of specific primers. Mix 1 corresponded to the following set of primers: 5′-CACG-AAGTCGGTGTGTGAGA-3′ (nucleotides 2658-2639), 5′-TGTTCTGTGCCCGCAAAGAGg-3′ (nucleotides 7823-7804), 5′-TCATTTCGTTCTCATCCGCTTC-3′ (nucleotides 12451-12 530). Mix 2 contained three primers: 5′-CCTCCTTC-GCAGTCCCTTCT-3′ (nucleotides 4168-4249), 5′-GGTTCT-CCACCATCTTCTCGATGT-3′ (nucleotides 9430-9507), 5′-GGAGATGGGCAGCAAAGA-3′ (nucleotides 14 530-14 613) and mix 3: 5′-ACCCTCTTCCTCCTCGTCCT-3′ (nucleotides 5754-5835), 5′-TGTGGGACTTGGACCAGTAGA-3′ (nucleotides 10 450-10 530), oligo(dT). The resulting first strands were then amplified in 500-700 bp overlapping fragments using a second set of primers. The TPM3 and ACTA1 cDNAs, respectively, were amplified in 2 and 4 overlapping fragments, starting from a first strand cDNA obtained using oligo(dT) as primer. Hot-start PCR was performed in a final volume of 50 µl using 0.5 U of Taq Plus Precision Polymerase (Stratagene, La Jolla, CA) and 1.5 mM MgCl 2 or 0.5 U of Taq polymerase (Promega, Madison, WI) and 1 mM MgCl 2 in the presence of 5% DMSO or glycerol, depending on the amplified products. RYR1, TPM3 and ACTA1 cDNAs were entirely sequenced. In order to eliminate any sequencing errors resulting from polymerase activity, independently amplified products of the fragments were sequenced, when necessary using an ABI 377 apparatus and the PCR primers as sequencing primers.
Mutation analysis
The 14387A→G mutation that resulted in a Y4796C substitution changed the normal sequence GTATAT to GTGTAT. This allowed genomic DNA samples to be screened for the Y4796C mutation using a mutated primer. PCR amplification was performed with the following primers: For-Y4796C (5′-TCCAAGAGTGCTCCTCGTGT-3′) and Rev-Y4796C (5′-CCAAGAGGGACATCACCGTA-3′). As indicated (bold) a mutation leading to the substitution G→A was introduced in the sequence of the Rev-Y4796C primer. Amplification of genomic DNA using this modified primer generated an AccI restriction site only with the normal allele whereas the amplified fragment corresponding to the mutant allele remained uncut. PCR was performed in a 25 µl final volume using 0.25 U of Taq polymerase from Quantum Appligène under the following conditions: denaturation at 95°C for 30 s, annealing temperature at 58°C for 30 s and extension temperature at 72°C for 1 min for 30 cycles. Amplified products were then digested with AccI. The 105 bp mutant allele was uncut whereas digestion of the normal allele yielded two fragments of 86 and 19 bp. Digested fragments were analysed on an 8% acrylamide gel.
Construction and functional analysis of MHS/CCD mutants
Enzymes for DNA manipulation were from Roche, New England Biolabs (Beverly, MA), Promega and Amersham Pharmacia Biotechnology (Little Chalfont, UK). Fura-2 acetoxymethyl ester (Fura-2 AM) was from Molecular Probes (Eugene, OR). Caffeine and protease inhibitors were from Sigma. The methods used in construction and mutagenesis of full-length rabbit skeletal muscle ryanodine receptor (RYR1) cDNA cassettes were described previously (11, 31) . Fragments containing mutations were confirmed by sequence analysis and cloned into the pcDNA-RYR1 vector. Transfection of the cDNAs into HEK-393 cells was performed as described previously using the calcium phosphate precipitation method (30) . Total proteins collected in detergent solution from one 35 mm plate were separated by 6% SDS-PAGE and RyR1 protein was detected using monoclonal antibody 34C (45) .
Caffeine-induced changes in Fura-2 fluorescence were measured in a Photon Technologies (PTI) microfluorimetry system (Lawrenceville, NJ) as described previously (11, 12) . Briefly, cells on a glass coverslip were loaded with 2 mM Fura-2 AM in a physiological medium 48 h after transfection. About 50 cells in a selected region were excited alternately at 340 and 380 nm and fluorescence emission at 510 nm was measured. The 340:380 nm ratio was calculated using PTI Felix software and dose-response curves were normalized to the maximal release response observed at 10 mM caffeine. Acquired digital images (400 ms/frame) were analysed with PTI Image Master 2.0 software. The 340:380 nm ratios from single cells were converted to Ca 2+ concentrations as described previously (46), using [Ca 2+ ] = K d × [(R -R min )/(R max -R)] × (Sf2/Sb2). Data analysis was performed using Origin software (Microcal Software, Northampton, MA). All data are given as means ± SE. An unpaired Student's t-test was used for statistical comparison of mean values between samples. Statistical significance was set at P < 0.05. 
